Heavy ion tracks in Ilford K-2 emulsion are simulated with a computer program which makes use of the delta-ray theory of track structure, and the special assumption that the response of this emulsion to gamma-rays is 8-or-more hit. The Ilford K-series of nuclear emulsions is produced from a parent stock called K.O emulsion, sensitized to become K. 1 to K. 5, and desensitized to become K-1 to K-3. Our simulations demonstrate that the emulsions K. 5 through K . 0 to K-1 are 1-or-more hit detectors, while K-2 is an 8-or-more hit detector. We have no data for K-3 emulsion. It would appear that emulsions of intermediate hittedness might be produced by an intermediate desensitization, to mimic or match the RBE-LET variations of biological cells, perhaps to produce a "rem-dosimeter". In the K-2 emulsion no developable grains are produced by stopping H, He, and Li ions. The emulsion has "threshold-like" properties resembling etchable track detectors. It should prove useful in the measurement of high LET dose in a strong low LET background, as for pions or neutrons. Since it can be expected to accumulate and repair "sub-lethal damage", to display the ion-kill and gamma-kill inactivation modes, the grain-count and track width regimes, it may serve to model biological effects.
INTRODUCTION
The response of many radiation detectors and biological systems to ionizing radiations is described by the delta-ray theory of track structure. Each detected end-point comes from a chain of events initiated by secondary and higher generation electrons which interact with sensitive sites within the targets. When the effect is measured as a function of the absorbed dose, differences in effect which come from differences in "radiation quality" are attributed to the spatial and temporal differences in the secondary electron distributions, on a scale comparable to the size and characteristic lifetimes of the targets. This model of a detector is patterned after a photographic emulsion, where the silver bromide crystals are the targets, or after biological tissue where the cell nuclei are the targets while some internal structures, possibly chromosomes, are the sensitive sites.
It has not been possible to predict detector response from first principles. Instead the theory assigns a set of operationally defined parameters to each detector. Once these are found experimentally, the formulas and concepts of the theory are used to predict detector response in any defined radiation environment [14] .
The response of a detector to energetic heavy ions is calculated from its response to gamma-rays, and the radial distribution of local dose deposited around an ion's path by delta-rays. The two mathematical forms used to describe the response to gamma-rays, called the « multi-target single-hit », or the "single-target multi-hit" models [5] give the probability P that a target will be inactivated as multi-target single-hit :
and single-target multi-hit : Here m is the number of sensitive sites within a target, c is the minimal number of hits required to inactivate a target, and A = E/E0 is the ratio of the average local dose E to a characteristic dose E0 at which there is 1 hit per target. The two forms are identical when m = c = 1 (1-hit detectors), are very similar when m = c = 2 or 3, and diverge at higher values, as shown in Figures 1 and 2 . Physically a hit is interpreted to be a "registered event" caused by an electron passing through the sensitive site, with an efficiency depending on its speed. Most physical detectors are 1-hit detectors, where a single electron passing through a sensitive site either creates an observable effect, or leaves the target unaltered. Otherwise, as in biological cells, more than one electron is required, and the detected end-point results from cumu lative damage. The process then is much more complex, for there is a problem of the fading or repair of sub-lethal events, and the complication that heavily ionizing particles sometimes deposit sufficient energy (eject a sufficient number of delta-rays from the detector medium) to yield the required number of hits in the passage of a single particle (ion-kill) in a time shorter than atomic or molecular metastable lifetimes, and sometimes not (because of the statistical nature of the delta-ray production process) under apparently identical circums tances. In the latter case the detected end-point can only arise from the passage of many particles (gamma-kill). For the prediction of the response of the detector to heavy ions, we must first find the radial distribution of local dose about an ion's path, estimate the probability for ion-kill, and then (for detectors requiring more than 1-hit) accumulate the dose contribution of each particle to the gamma-kill mode of inactivation.
The radial distribution of the average local dose E (t, a0) deposited in a representative target of radius a0 whose center is at radial distance t from the path of an ion of atomic number Z, effective charge number z, moving at relative speed β, through a medium containing N electrons/cm3, is found by first calculating the point-distribution of dose E as
(3)
where we assume normal ejection of delta-rays, neglect binding energy, and take the electron to have constant energy loss, with the electron range t given by t = wk, when its initial energy is w. The quantity x is the range of the most energetic delta-ray from an ion moving at relative speed p, from kinematical considerations [4] . The point dose is averaged over a sensitive volume, approximated as a short cylinder whose axis is parallel to and at radial distance t from the ion's path, with the result shown in Figure 3 , for emulsion, where we have taken N = 1.04xl024 electrons/cm3, k = 3,015 cm/erg, and ao = 0.12µm, for the Ilford K-series [7] . More sophisticated calculations of E seem not to make substantial difference in the end result [12] .
Once E is determined, and the dose-response function for the detector is known [say, Eqs. (1) or (2)], the radial distribution of inactivated elements (or sensitized emulsion grains) follows immediately. It is assumed that heavy ions generate delta-rays, that these produce higher generation electrons, and that the response of the medium to these is just as its response to gammarays except that the entire medium is more or less uniformly irradiated with gamma-rays, while there is a large local gradient in local dose about the path of each heavy ion, so that the detector must be examined in cylindrical shells about the ion's path.
The theoretical extension from single particle effects to the effects of beams of particles, or some complex radiation environments depends on the ability of the system to accumulate damage within a target.
EXPERIMENT AND THEORY
Experimental information dealing with the response of emulsions to ionizing radiations is sometimes available as blackness vs dose data (or vs incident fluence), and sometimes as particle track data, but both forms of data are typically not available from the same processed plate.
First, consider the blackness. If we take G to be the number of grains per unit volume in the undeveloped emulsion, and P to be the probability that a grain will become developed, the number of developed grains per unit volume is PG. In an emulsion layer of thickness T, the projected number of developed grains per unit area is N = P GT, and the measured blackness B, after processing is
where a is a factor intended to accomodate light scattering and optical diffe rences among densitometers, and si is the cross-sectional area of the developed grain. For a 1-hit detector irradiated to dose E, uniformly, with low LET radiations, we have
which describes the response of virtually (nearly) all emulsions to X-rays, gamma-rays, electron and even proton beams [8, 9, 13, 16, 17] . As for all 1-hit detectors there is a decline in radiosensitivity with an increase in the LET of the incident radiation, when the blackness is measured as a function of the macroscopic dose, for there is overkill at small t adjacent to the path of a heavy ion which is reflected in an apparently diminished value of E0 as predicted by the theory. The radiosensitivity parameter E0 is relatively independent of the energy of incident electrons or gamma-rays, when E is the absorbed dose in the emulsion, although there are large apparent variations in sensitivity with the energy of incident photons, when the blackness is plotted against the absorbed dose in a gaseous dosimeter [2] . There are suggestions in the literature of emulsions whose response to ionizing radiations is more than 1-hit [2, 6] . In these cases a log-log plot of blackness vs . dose is not a line of unit slope but displays perhaps a greater slope, and some curvature. Quantitative measurements of the tracks of individual particles in nuclear emulsion have also been consistent with the 1-hit assignment, and the requi rements of the delta-ray theory of track structure. Measured values of the grain count in G.5 and K.5 emulsions, from energetic protons and heavier ions are in precise accord with the theory [12] . When microdensitometric measurements of the opacity structure of individual particle tracks are corrected for optical problems in the microscope, the measurements are in excellent accord with the theory, for radial distances in emulsion from an ion's path from 0.5 to 40µm, for relative speeds from 0.3 to 0.94, and for ions of atomic number equal to or greater than 14 [10, 11] . Other data are available in the form of track photographs, of particles from accelerators, that are best treated as a problem in visual pattern recognition. To this end we have developed a computer program for the simulation of particle tracks in emulsion [7] . Developed grains are simulated as bright spots on the screen of an IBM 2250 visual display unit, are that part of an emulsion layer which is in sharp focus in a microphofograph. Here we have taken d = 0.25 pm to include the combined effects to depth of focus, shrinkage, and perception. The subvolumes (A, B, B' , C, C , ...) are divided into microboxes, as shown. We first find E in the microbox, then use it to find P, and then multiply this by the number of undeveloped grains in the microbox to yield the number of developed grains. We sum to find the number of developed grains in the subvolumes (which correspond to raster spacings in the visual display unit) and write on the face of the visual display unit. No attempt is made to group the developed grains into track-like structures, to represent delta-rays, nor is any attempt made to represent the scattering of the heavy ion. Tracks are then photographed in simulated 100 µm segments.
We have applied the track simulation procedure to analyze the radio sensitivity parameters of K-series emulsions exposed to heavy ions at 10 MeV/nucleon [3] , and processed (temperature cycle) in a developer of the Brussels type, after storage for 2 days at room temperature and 50 p. cent humidity. Differences from ion to ion arise from the different values of z and β at the same range. Differences from picture to picture are from different values of m, c, or E0, but a single set of parameters describes all ions in the simulation of a single emulsion picture. In all cases the tracks are of 40A, 20Ne, 16O, 14N, and 12C, which enter the emulsion at high energy at left, and stop at right. Track photographs in Ilford K. 5 emulsion ( Fig. 5) are to be compared to simulations in Figure 6 , with c = 1 and E0 = 2 x 105 erg/cm3, in emulsion.
Track photographs in K.O emulsion (Fig. 7) are to be compared with simulations in Figure 8 , with c = 1, and E0 = 2.4x 107 erg/cm3, in emulsion.
Track photographs in K-1 emulsion (Fig. 9) are to be compared with simulations in Figure 10 , with c = 1 and E0 = 4 x 107 erg/cm3, and in Figure 11 , with c = 2 and E0 = 1.3 X 107 erg/cm3, in emulsion. We judge these to be the best simulations we have been able to make with c = 1 and c = 2, and that they demonstrate that K-1 emulsion is a 1-hit detector. At higher values of c it is immediately obvious that the simulation does not match the observed track.
Track photographs in K-2 emulsion (Fig. 12) are compared with simula tions for which c = 1, and E0 = 1 x 108 and 4x 108 erg/cm3, in Figures 13  and 14 , respectively. These are chosen to be a best possible approximation (with the 1-hit assumption) to the 40A and to the 12C experimental tracks, and clearly are an unsatisfactory simulation. We have identified K-2 emulsion as an 8-hit detector, with c = 8 and E0 = 8 x 106 erg/cm3, in emulsion, on the basis of Figure 15 , to be compared to Figure 12 . A quite good simulation can be made with c = 9, but simulations made with c = 6 (Fig. 16) and c = 10 (Fig. 17) are unsa tisfactory.
It may be the uniformity of the emulsion grains in these nuclear emulsions, as shown for K. 5 emulsion in Figure 18 , that makes it possible to determine the value of c so narrowly, as indicated by these simulations, where we find c = 8 ± 1, for Ilford K-2 emulsion as processed here.
Reasonably acceptable simulations of the tracks in K-2 emulsion may be made with the multi-target single-hit model, Equation (1), as shown in Figure 19 , where m = 8 and E0 = 2.3 x 107 erg/cm3, and in Figure 20 , where m = 20 and E0 = 1.75 x l07 erg/cm3. It is not possible to assign as narrow limits to m as to c. This suggests that the functional form of the multi-hit model is a better approximation to the response of emulsion to gamma-rays than is the multi-target model.
DISCUSSION
The discovery that Ilford K-2 emulsion is a more-than-l-hit detector implies that its "RBE" must pass through a maximum at an appropriate value of the "LET" of a beam of incident particles, and that a maximal value of the RBE, greater than 1, is not a uniquely biological property. If, as a rule-of-thumb, we take the RBE to be a maximum where about half the intersected grains are made developable, the maximum occurs for 40A ions at 7.4 x 103 MeV.g-1 .cm2, where β = 0.15, and the residual range is 109 pm, with a kinetic energy of 10.6 MeV/amu. Here the grain count is calculated to be 3.5 grains/pm. At a fluence of 106 ions/cm2 where the dose in emulsion is 120 rads, and where the contribution to gamma-kill from overlapping deltarays from different ions is negligible, the "RBE" relative to gamma-rays is calculated to be about 300.
We must expect to see in emulsion, as we cannot see in biological systems, the effects of very low levels of radiation, and the transition in effect from purely ion-kill to a mixture of ion-kill and gamma-kill. Though single energetic electrons, protons, alpha-particles make no grains developable in K-2 emulsion, beams of these particles must blacken the emulsion.
Since there is no evidence of internal sensitive sites in emulsion grains, as there is in biological cells, we anticipate that 3 radiosensitivity parameters, E0, a0, c will suffice to describe their properties, in place of the 4 parameters, E0, k, σ0, m, required to describe cells.
Both E0 and c can be expected to be affected by manufacture, by processing, and by fading.
The Ilford K-series of emulsions is manufactured from a parent stock called K.0, increasingly sensitized to become AM to K.5, and desensitized to become K-\, K-2, K-2. We have no data for K-2 emulsion, but otherwise in this series the most striking change is the abrupt increase in hittedness from K-1 to K-2, resulting in a qualitatively different detector.
There are suggestions of more-than-1-hittedness in other emulsions and with other processing procedures. The incorporation of sodium rhodanide (NIKFIT-1) produced a sharp discrimination between the tracks of recoil protons and alpha particles, from neutron irradiation [1] . The use of pH buffers in the developer yielded a discrimination between alpha particles, fission fragments, and Ne ions in K-2 and K-2 emulsions [1] , and vol. 10-n° 4 18 in Kodak NT2a emulsion [15] . There are other studies of discriminating development [18, 19] . It has been suggested that these developers tend to bleach the smaller latent image sites, and only crystals through which several electrons had passed would become developable. It seems reasonable to anticipate that further investigation will yield quantitative values of the radiosensitivity parameters, for different emulsion processing techniques, and that the theory will be of assistance in selecting emulsions whose properties match those of biological cells and tissues, in regard to RBE-LET variations, to be useful in both radioprotection and radiation therapy, and to serve as a modeling system for the study of dose-rate and low-level effects in radiobiology.
